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Abstract
The electric control of magnetic anisotropy has important applications for nonvolatile memory
and information processing. By first-principles calculations, we show a large nonvolatile control
of magnetic anisotropy in ferromagnetic/ferroelectric CoPt/ZnO interface. Using the switched
electric polarization of ZnO, the density-of-states and magnetic anisotropy at the CoPt surface
show a large change. Due to a strong Co/Pt orbitals hybridization and a large spin-orbit coupling,
a large control of magnetic anisotropy was found. We experimentally measured the change of
effective anisotropy by tunneling resistance measurements in CoPt/Mg-doped ZnO/Co junctions.
Additionally, we corroborate the origin of the control of magnetic anisotropy by observations on
tunneling anisotropic magnetoresistance.
PACS numbers: 31.15.A-,77.55.hf,77.55.fp,85.30.Mn
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Introduction — The recent strong interest in the control of magnetism by electric means
has been driven by the aspects of fundamental physical understanding of magnetism, and
more importantly towards applications in nonvolatile information processing in magnetic
memories [1, 2]. The electric field effect on the interfacial electronic states has been reported
to control magnetic Curie temperature TC [3, 4], coercivity HC [5–7], magnetic moment
[8], spin polarization [9], and magnetic anisotropy energy MAE [10, 11] both in magnetic
semiconductors and transition metals. By using the voltage control of MAE (VCMA), fast
writing by nanosecond electric pulses in magnetic tunnel junctions (MTJs) has been widely
demonstrated in MTJs based on rock-salt-type MgO barrier [12–14]. The main electronic
origin of interfacial MAE, and hence VCMA, in an Fe-alloy/MgO system is the orbital
hybridization between Fe 3d and O 2p at the interface in the presence of spin-orbit coupling
(SOC) [15]. However, the precise control of Fe surface oxidation is crucial [15] for large MAE
and VCMA magnitudes, which are required for nonvolatile memory applications [16–18].
An alternative is the heterostructure of a ferromagnet/ferroelectric (FM/FE) combination
[19–23], where a relatively large modulation of MAE is achieved by the control of FE polar-
ization (P ). This was shown to be mainly due to the P -dependent hybridization between
the orbitals of the FM and FE elements. In this work, we propose and clarify an FM/FE
MTJ system for achieving a large nonvolatile control of MAE, with a different mechanism.
We investigated MTJs made from fcc-CoPt FM and wurtzite-ZnO FE, using first-principles
calculations and magnetotransport measurements.
An important aspect of 3d-5d magnetic alloys is that MAE originates from the large
SOC of the 5d element which is magnetized by the strong exchange field of 3d moments
[24–26]. In CoPt [24, 27], a large MAE along the (1 1 1) crystal axis is retained even under
disorder [28]. Wurtzite-type ZnO has a direct bandgap of 3.2 eV, and it becomes FE by
Mg doping with enhanced insulating property [29]. The electric dipoles of ZnO are aligned
along (0 0 0 1) direction. The P reversal changes the chemical potential at interface, that
should have a prominent effect on MAE due to the large 5d SOC [30]. Therefore, the system
of CoPt (1 1 1)/Mg-ZnO (0 0 0 1)[31, 32] has a strong potential for a large control of MAE.
The schematic of the device and the effect of P on MAE are shown in Fig. 1, together with
the experimental procedure employed for this report. Due to the large electric coercivity of
MgZnO, the cooling under an electric field (EFC) from above the MgZnO Curie temperature
was used to align P in either direction [Fig. 1(a)] [32]. The reversal of P results in a difference
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of the equilibrium surface charge at the surfaces of the FM electrodes [Fig. 1(b)]. The
charge difference is negative (positive) at the CoPt surface after +EFC (−EFC), due to the
formation of a positive (negative) P state [Fig. 1(b,c)]. Based on the following theoretical and
experimental analyses, the surface MAE of CoPt electrode will be perpendicular (inplane)
for a P+ (P−) state. Such a large non-volatile change of MAE is driven by the P -modulation
of the SOC and the 3d-5d hybridization.
First-principles calculations — We modeled the effect of ZnO electric polarization on the
interfacial MAE of CoPt by first-principles density functional theory calculations [33]. We
used scalar and fully relativistic ultra-soft pseudopotentials (USPPs) [34, 35] and a plane-
wave basis with the generalized gradient approximation [36]. A change from a 24×24×1
mesh to a 32×32×1 mesh in the k-point sampling space did not show a significant dif-
ference in results, and the 32×32×1 mesh was used. The energy cut-off was set at 30
(300) Ry for the planewave basis in wavefunction (electron density). The structure was
vacuum/Pt(3)/Co(1)/O(1)/Zn-O(8)/vacuum (atomic monolayers or bilayers) as shown in
Figs. 2(a,b). The P+ and P− states were modeled as either Zn-O or O-Zn bilayers, respec-
tively. The considerations behind the choices for the modeled structure and more details of
the calculation methods are available in Ref. [32]. The density of states (DOS) was calcu-
lated for magnetization orientations at the inplane xˆ and out-of-plane zˆ directions for each
of P+ and P− states, while the SOC was included [Figs. 2(c–f)]. In the following, we define
the changes of relevant quantities with respect to P+ state [∆w=w(P−)−w(P+)], whereas
the anisotropy with respect to inplane direction [δw = w(M ‖z) − w(M ‖x)]. At each P
state, the MAE was calculated as the difference between the total energies at the inplane
and out-of-plane magnetization M configurations, i.e. MAE=Ex−Ez. A positive (negative)
sign denotes an out-of-plane (inplane) MAE.
A drastic change of DOS was found between P+ and P− states [Figs. 2(c–f)]. The change
of number of electrons (∆n) at the interface Co atom is +0.02 [Fig. 3(a)], where the P+
(P−) state corresponds to an electron depletion from (doping to) Pt-Co-O interface atoms, as
depicted in Fig. 1(b). Surface MAE was +0.25 and −1.23 meV/atom for P+ and P− states,
respectively. These correspond to +0.44 and −2.16 erg/cm2 (≡ mJ/m2). The electrons
depletion increased the out-of-plane MAE, same as the interfaces of Fe/MgO [37–43] and
(Fe,Co)/Pt/MgO [44–46]. Although ∆n is close in value to an Fe/MgO interface under an
electric field of 0.5–1.0 V/nm, the present ∆MAE of −2.60 erg/cm2 in CoPt/ZnO is much
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larger than Fe/MgO, which ranges at −0.1 – −0.2 erg/cm2 [38–40]. Among the 3d -noble
metal alloys, calculations showed that CoPt-based systems have the largest electric-field
effect on MAE [44, 45]. We need to emphasize that ∆n in the presented CoPt/ZnO system
comes from the electric polarization of ZnO, without the need of a continuously applied
voltage as in Fe/MgO.
This large ∆MAE/∆n can be explained by the control of 3d-5d orbital hybridization of
Co/Pt. There is a hybridized peak in d3z2−r2(m = 0) minority spin DOS, that moves near
the Fermi level (EF) with the change of P direction [Fig. 2(e,f)]. Simultaneously, due to the
electric field change, the part of electrons occupying the 3d orbitals extending to xy-plane
directions (dxz,yz for |m|=1 and dxy,x2−y2 for |m|=2) are redistributed into those of d3z2−r2 .
This produces a change in orbital and spin momenta of Co and Pt, leading to a large change
in DOS and MAE [27, 47, 48]. Moreover, while the SOC of Co, which is enhanced by Pt,
is favoring a perpendicular MAE, the P -modulation resulted in the closer participation of
Pt into the electronic structure at EF [Fig. 2(f)]. This induces large reductions of orbital
momenta on both Co and Pt [Fig. 3(c)], leading to an additional decrease in MAE, due to
the strong SOC of Pt. Therefore, even a small ∆n in the CoPt/ZnO system gives a strong
modulation of MAE.
The DOS sets of dxz,yz and dxy,x2−y2 orbitals are degenerate in the M‖zˆ direction, whereas
the degeneracies are lifted when M‖xˆ [Fig. 2(c–f)]. At P+, based on Bruno’s model relating
to down-down spin scattering [49], both sets and the large SOC contribute strongly to a
perpendicular MAE [50]. Correspondingly, the anisotropy in orbital momentum (δmo) of
Co is large at +0.078µB, supporting the origin of a perpendicular MAE [Fig. 3(c)]. At
P− state, the previously-unoccupied Pt d3z2−r2 minority peak in DOS is shifted towards EF,
which increases the density of minority spins [Fig. 2(f)]. The application of Bruno’s model is
limited by the presence of majority states near EF for both of Co and Pt, and an anisotropy
in spin momentum (δms = +0.010µB) of Pt-1, due to the hybridization change depending
on the orientation of M [Fig. 3(c)]. However, δmo of Co is negative at −0.044µB, indicating
an inplane MAE.
MAE observations from resistance-field curves — We conducted experimental confirma-
tions, using observations by resistance-field (R–H) curves with the field applied in the xˆ and
zˆ directions. The presented experimental results were obtained from samples described pre-
viously [31, 32]. The initial film structure was made of (thicknesses in nm): c-plane sapphire
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Al2O3 substrate/Pt (30)/Co0.3Pt0.7 (10)/Mg0.23Zn0.77 (7)/Co (16). The unpatterned films
were used for magnetic and micro-structure characterization. The metallic layers were grown
by sputtering and electron-beam evaporation, whereas MgZnO was grown from Mg and Zn
metallic sources using molecular-beam epitaxy equipped with an oxygen radical source. The
structural analysis showed an epitaxial growth of fcc-Pt/fcc-CoPt/w-MgZnO/hcp-Co. The
(1 1 1)-oriented growth of Pt allows for the growth of MgZnO along the polar c-axis, which
is suitable to the control of metal surface charge. A relatively-thick bottom electrode was
needed for better growth of the MgZnO barrier. Therefore, the deposition conditions and
composition of CoPt were chosen to have a near compensation to the shape anisotropy
by the bulk perpendicular MAE. At such a compensation, the changes in anisotropy at
CoPt/MgZnO interface will be observable, even with a rather thick CoPt layer. We mea-
sured the magnetic properties by a Superconducting Quantum Interference Device (SQUID)
magnetometer of an unfabricated film in the as-deposited state, which corresponds to P+.
The inplane and out-of-plane M–H curves measured at 5 K show that the top Co and bot-
tom CoPt layers have an inplane easy axis at P+ state [Fig. 4(a)]. However, the bottom
CoPt has a small perpendicular saturation field (HK,eff = 0.9 kOe), due to the compensation
mentioned earlier.
For the fabrication of MTJs and to induce coercivity difference between the top and
bottom ferromagnetic layers, the top Co layer was etched down to 2 nm, then Co0.5Fe0.5
(2)/IrMn (14)/Ru (5) was deposited in situ. After that, the stack was pin-annealed for 30
min at 270◦C and a 10-kOe magnetic field. The presented tunneling resistance results are
from circular junctions 10 µm in diameter, microfabricated by electron-beam lithography
and Ar-ion milling. The R–H curves were measured at 2 K, after using the EFC procedure to
align the MgZnO P [32]. The ±EFC from 360 K down to 2 K corresponds to the P± states.
The normalized R–H curves after ±EFC are shown in Figs. 4(b,c). At the P+ state, the
R–H curves show similar character to the as-deposited M–H curves. In the out-of-plane
field direction, there are two shoulders at 1 kOe and 16 kOe, corresponding to HK,eff of
CoPt and Co, respectively. Above the saturation of CoPt at 1 kOe, the CoPt magnetization
is out-of-plane, and the Co magnetization rotates towards the out-of-plane direction until
saturation at 16 kOe [arrows in Fig. 4(b)]. On the other hand, at P− state a drastic change
in CoPt anisotropy happens. The area enclosed by inplane and out-of-plane curves is much
larger, and a field of 20 kOe is required to saturate the resistance [Fig. 4(c)]. This can be
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explained by a change of CoPt easy-axis to the inplane direction, with HK,eff = 20 kOe
[arrows in Fig. 4(c)]. The areal MAE of CoPt (Ks) can be found from the following relation:
Ks = (4piMs −HK,eff)× Mst
2
, (1)
whereMs is the saturation magnetization, and t is CoPt thickness. The corresponding results
are Ks = +1.6 and −3.6 erg/cm2 for P+ and P− states, respectively. The aforementioned
theoretical value of ∆MAE = −2.6 erg/cm2 has a good agreement with the experimental
∆MAE = −5.2 erg/cm2. The direction of change is same, and the magnitude is within a
factor of 2.
Tunneling anisotropic magnetoresistance — A consequence of an anisotropic DOS
(ADOS) is the dependence of tunneling current on M direction, the named tunneling
anisotropic magnetoresistance (TAMR) [51, 52]. As the TAMR and MAE in 3d-5d systems
come from the same origin, the study of TAMR can put light on MAE [53], and can confirm
that the first-principle calculations correlate with the experiments on MAE. In the present
case, the band-selective filtering of tunneling current is not evident, and TAMR in CoPt-
based tunnel junctions can be understood qualitatively in terms of ADOS at the interface
next to the tunneling barrier [52, 54]. Therefore, we treat TAMR as originating from the
interfacial ADOS in CoPt.
In the calculations, the direction of ADOS changed sign between the two P states [Fig. 2].
The anisotropy is mainly in the minority spin, and showed a character similar to MAE
mentioned earlier. For P+ (P−) state, ADOS is mainly at dxz,yz and dxy,x2−y2 (d3z2−r2)
orbitals. The total ADOS, defined as DOS(M ‖ z)/DOS(M ‖x)−1, shows at EF a sign
change from negative at P+ state to positive at P− [Fig. 5(d)]. Experimentally, TAMR was
measured from the out-of-plane angular dependence of differential resistance (R-φ) at 90
kOe, which is much higher than saturation. Figs. 5(a,b) show the normalized R-φ curves
taken at various biases. TAMR was extracted from the twofold component and shown in
Fig.5(c). A qualitative agreement between experiments and calculations in TAMR sign and
energy dependence is found. Therefore, our first-principles calculations captured the origin
of a large ∆MAE in CoPt/ZnO hexagonal system.
Conclusions — In summary, by first-principles calculations and experimentally, we in-
vestigated the large control of MAE of CoPt ferromagnet by the electric polarization of
wurtzite MgZnO tunnel barrier. The surface MAE sign changed, with a difference in mag-
6
nitude that is much larger than Fe/MgO. A combined study of MAE and TAMR showed
consistent results from both experiments and calculations. Therefore, we consider that the
TAMR observations are important for the explanation of ∆MAE. The origin is likely due
to the control of DOS and SOC in CoPt interface by the modulation of 3d-5d hybridization
induced by ZnO polarization. This shows the possibility of designing large MAE.
As a final note on possible applications, the ZnO polarization can be used either as an
amplifier for low-voltage control of MAE, or for non-volatile gating of MAE. One possibility
is in the toggle-type voltage magnetic random-access memories (V-MRAM) [12, 14]. An
alternating + − + voltage pulse can be used for the precessional magnetization switching,
similar to what is proposed for non-FE barriers [55]. In the VCMA-assisted spin-orbit-
torque writing [56], we propose that a single voltage pulse can be used for non-volatile
bit selection/deactivation in Pt/CoPt/ZnO structures. The other bits do not require ma-
nipulation, therefore making the scheme much simpler. Another favorable application is
the utilization of non-volatile control of MAE in reconfigurable spinwave logic devices [57].
Therefore, we believe that the present work should open a way for applications in nonvolatile
energy-efficient control of magnetic memories and information processing.
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FIG. 1. (a) A schematic of the MgZnO magnetic tunnel junction (MTJ) and the electric-field
cooling (EFC) procedure. (b) The reversal of MgZnO electric polarization (P ) after EFC changes
the surface charge at the metal interfaces of the MTJ. The charge difference is negative (positive) at
the CoPt surface after +EFC (−EFC). Correspondingly, the surface MAE of CoPt is perpendicular
(inplane) for P+ (P−) states. (c) Schematics of the MTJ potential profile at P± states.
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FIG. 2. (a,b) The model of CoPt/ZnO used for the first-principles calculations, in the (a) P+ and
(b) P− states. (c–f) The projected density of states (PDOS) the (c,d) Co and (e,f) Pt-1 atoms in
the the (c,e) P+ and (d,f) P− states.
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FIG. 3. The layer-resolved values of (a) the change of number of electrons (∆n), (b) the spin
momentum (ms), its change by P (∆ms), and anisotropy (δms), (c) the orbital momentum (mo),
its change by P (∆mo), and anisotropy (δmo).
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FIG. 4. The experimental effect of P on MAE. (a) The M–H curves in the inplane and out-of-plane
directions of the as-deposited state (P+) of blanket films. The CoPt layer shows a small inplane
total MAE, whereas the Co layer has a dominant inplane shape MAE. (b,c) The R–H curves of a
fabricated junction in the inplane and perpendicular directions (b) after +EFC at P+ state, and
(c) after −EFC at P− state. The R–H curves indicate that the surface MAE of CoPt changed
from out-of-plane to inplane direction by P -modulation. The measurements in (a) and (b,c) were
done at 5 K and 2 K, respectively.
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FIG. 5. The effect of P -modulation on tunneling anisotropic magnetoresistance (TAMR). (a,b)
Samples of the dependence of TAMR on applied field angle (φ) at different bias voltages, (a) after
+EFC at P+ state, and (b) after −EFC at P− state. The curves are vertically shifted uniformly
for clarity. (c) The experimental bias dependence of TAMR. (d) The energy dependence of TAMR
from the first-principles calculations. A qualitative agreement is found between the experimental
and calculation results.
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